This work presents an investigation of the temperature behavior of self-cascode composite transistors (SCCTs). Results supported by silicon measurements show that SCCTs can be used to generate a proportional to absolute temperature voltage or even a temperature-compensated voltage. Based on the achieved results, a new circuit topology of a resistorless voltage reference circuit using a Schottky diode is also presented. The circuit was fabricated in a 130 nm BiCMOS process and occupied a silicon area of 67.98 µm × 161.7 µm. The averaged value of the output voltage is 720.4 mV, and its averaged line regulation performance is 2.3 mV/V, calculated through 26 characterized chip samples. The averaged temperature coefficient (TC) obtained through five chip samples is 56 ppm/ • C in a temperature range from −40 to 85 • C. A trimming circuit is also included in the circuit topology to mitigate the impact of the fabrication process effects on its TC. The circuit operates with a supply voltage range from 1.1 to 2.5 V.
Introduction
The voltage reference circuit, as is well known, provides an output voltage (V REF ) that is insensitive to variations in the supply voltage (V DD ), operation temperature, and the fabrication process effects. The temperature-compensated V REF is often achieved by the balanced addition of two voltages with opposite temperature coefficients: VPTAT (proportional to absolute temperature) and VCTAT (complementary proportional to absolute temperature). The CTAT voltage is usually implemented by means of the base-emitter voltage (V BE ) or the gate-source voltage (V GS ). The PTAT voltage is typically generated by the difference between two V BE or V GS voltages.
A non-conventional approach to generate the PTAT voltage for a voltage reference application was proposed by [1] . It uses two transistors in series with both gate terminals tied together-an association here called self-cascode composite transistors (SCCTs). This approach has shown promise and has been employed in other works, for instance, in [2] [3] [4] . Therefore, in order to extract the best use of this type of transistor association, it is essential to investigate its temperature dependence.
A non-conventional approach to generate the CTAT voltage was proposed in [5] . The use of a Schottky diode to generate the CTAT voltage allows for the reduction of the minimum supply voltage of circuit operation. The Schottky diode was also successfully employed in [3, 6] . The use of V GS voltage to implement the CTAT voltage also allows for VDD reduction. However, the generated V REF in this type of topology is directly proportional to the transistor threshold voltage, V TH , which is a
where q is the electron charge, n is the slope factor, and U T is the thermal voltage. The Schottky diode current equation is similar to the PN-junction current equation, which indicates that it may be possible to replace the PN diode by the Schottky diode. However, it is vital to analyze Schottky temperature behavior before using it in place of a PN diode. Figure 1 shows a comparison between the simulated forward biasing voltages, for the same current density level, of a Schottky diode and a vertical bipolar transistor. The simulated TC of the Schottky diode and PN diode is 1.46 and 1.92 mV/ • C, respectively. Therefore, it is possible to use the Schottky diode to generate the CTAT voltage.
Electronics 2019, 8, 1271 2 of 17 a strong function of process parameters. The doping at the transistor channel region, for example, is hard to control in the fabrication of downscaled technology. This work studies the temperature dependency of SCCTs in triode and saturation mode. It is shown that the output voltage of this device can have PTAT or temperature-compensated behavior, as supported by silicon measurements. Based on these results, a new topology of CMOS resistorless voltage reference using a Schottky diode [3] was designed and validated with silicon measurements. Additionally, a trimming circuit was included in the circuit topology to mitigate the impact of fabrication process effects on its temperature performance.
The proposed circuit generates an output voltage with an average value of 720.4 mV and a standard deviation (σ) of 15.6 mV, calculated considering 26 measured samples. The averaged TC after trimming is 56 ppm/°C considering five chip samples. Moreover, the circuit operates with a VDD range from 1.1 to 2.5 V and occupies a silicon area of 67.98 µm × 161.7 µm. This paper is organized as follow. Section 2 describes the generation of the CTAT and PTAT voltages. The proposed circuit topology is discussed in Section 3. Section 4 and 5 present the silicon results and conclusions, respectively.
CTAT and PTAT Voltage Generators

The Schottky Diode as a VCTAT Generator
Unlike the PN-junction diode, the Schottky diode has a metal-semiconductor junction. This junction is obtained taking metal into contact with a moderately doped n-type diffusion. As a result, the Schottky diode differs from the PN diode in two electrical characteristics: fast switching and a low forward-voltage drop (VD), which is about 300 mV. The second characteristic is important for the voltage reference design operation at a low supply voltage. The Schottky diode current equation is given below [5] :
where q is the electron charge, n is the slope factor, and UT is the thermal voltage.
The Schottky diode current equation is similar to the PN-junction current equation, which indicates that it may be possible to replace the PN diode by the Schottky diode. However, it is vital to analyze Schottky temperature behavior before using it in place of a PN diode. Figure 1 shows a comparison between the simulated forward biasing voltages, for the same current density level, of a Schottky diode and a vertical bipolar transistor. The simulated TC of the Schottky diode and PN diode is 1.46 and 1.92 mV/°C, respectively. Therefore, it is possible to use the Schottky diode to generate the CTAT voltage. 
The Self-Cascode Composite Transistor (SCCT) as a VPTAT Generator
The SCCT is the association of two transistors, as can be seen in Figure 2 [2] . Both substrate terminals are connected to the ground reference. 
The Self-Cascode Composite Transistor (SCCT) As a V PTAT Generator
The SCCT is the association of two transistors, as can be seen in Figure 2 [2] . Both substrate terminals are connected to the ground reference. The drain current of a transistor operating in sub-threshold weak inversion is given by Equation (2) [7]:
where I0 is given by [7] = ( − 1)
where µ0 is the carrier mobility, and COX is the oxide capacitance. From Equations (2) and (3), the gate-source voltage (VGS) is written as
where S is the transistor aspect ratio (W/L). The output voltage of the SCCT, VDS-DOWN, is the difference between the gate-source voltages of both transistors:
Replacing Equation (4) in Equation (5), the drain-source voltage of transistor NDOWN is
When the drain-source voltage is more than about four times the thermal voltage (VDS ≥ 4UT), Equation (6) can be approximated by .
Equations (6) and (7) consider an equal threshold voltages of NUP and NDOWN, and that neglects the small error caused by the body effect in the NUP transistor.
To characterize the temperature behavior of the SCCTs, and its dependency on the current level, the circuit in Figure 3 was designed and fabricated. This circuit includes several SCCTs composed by transistors with different aspect ratios. Each SCCT device is a combination in series or in parallel of a unitary transistor with an aspect ratio of 3 µm/3 µm. The unitary transistor was designed with a length equal to 3 µm for a 130 nm process with the intention of (i) avoiding short-channel effects and (ii) mitigating the impact of fabrication process effects on the output voltage. The aspect ratios of transistors P1-P9 in Figure 3 are the same to provide the same biasing current in the SCCTs. With reference to Figure 2 , I1 = I2, and I3 = 0 for each device. The drain current of a transistor operating in sub-threshold weak inversion is given by Equation (2) [7] :
where I 0 is given by [7] 
where µ 0 is the carrier mobility, and C OX is the oxide capacitance. From Equations (2) and (3), the gate-source voltage (V GS ) is written as
where S is the transistor aspect ratio (W/L). The output voltage of the SCCT, V DS-DOWN , is the difference between the gate-source voltages of both transistors:
Replacing Equation (4) in Equation (5), the drain-source voltage of transistor N DOWN is
When the drain-source voltage is more than about four times the thermal voltage (V DS ≥ 4U T ), Equation (6) can be approximated by
Equations (6) and (7) consider an equal threshold voltages of N UP and N DOWN , and that neglects the small error caused by the body effect in the N UP transistor.
To characterize the temperature behavior of the SCCTs, and its dependency on the current level, the circuit in Figure 3 was designed and fabricated. This circuit includes several SCCTs composed by transistors with different aspect ratios. Each SCCT device is a combination in series or in parallel of a unitary transistor with an aspect ratio of 3 µm/3 µm. The unitary transistor was designed with a length equal to 3 µm for a 130 nm process with the intention of (i) avoiding short-channel effects and (ii) mitigating the impact of fabrication process effects on the output voltage. The aspect ratios of transistors P1-P9 in Figure 3 are the same to provide the same biasing current in the SCCTs. With reference to Figure 2 , I 1 = I 2 , and I 3 = 0 for each device. Eight different combinations of SCCTs were designed, with different W/L aspect ratios. The objective was to investigate and validate, through silicon measurements, the temperature behavior predicted by simulations. For instance, transistor NUP in SCCT1 and SCCT8 have an equivalent W/L equal to 60 µm/3 µm, and 42 µm/3 µm, respectively. These transistor dimensions were chosen to set the inflection point of the output voltage vs. the temperature curve at a specific temperature value. For instance, the inflection points for SCCT1 and SCC8 are about 18 and 0°C, respectively. Each SCCT was measured in a temperature range from −40 to 85° for three temperature-independent bias currents: 100 nA, 1 µA, and 100 µA. The supply voltage was 1.2 V, and the measurement results are presented in the next section. Figure 4 shows the output voltage of SCCT1 and SCCT8 as a function of temperature for a bias current of 100 nA. The output voltage of the SCCT1 is larger than the SCCT8 because of its larger ratio of Sup/Sdown as expected by Equation (6) . Moreover, the inflexion point of both curves is different, as mentioned in the last section. This result shows that the designer can use the proper transistor sizing in order to adjust the value of the output voltage and its temperature coefficient. Figure 5 shows the output voltage of SCCT1 and SCCT8 as a function of temperature for a bias current of 1 µA. As shown in Figures 4 and 5 , the higher the bias current, the greater the positive slope (TC) of the output voltage is. This means that the curve is no longer a downward concave; it tends to be a straight line. This result is also expected from Equation (6) . Eight different combinations of SCCTs were designed, with different W/L aspect ratios. The objective was to investigate and validate, through silicon measurements, the temperature behavior predicted by simulations. For instance, transistor N UP in SCCT1 and SCCT8 have an equivalent W/L equal to 60 µm/3 µm, and 42 µm/3 µm, respectively. These transistor dimensions were chosen to set the inflection point of the output voltage vs. the temperature curve at a specific temperature value. For instance, the inflection points for SCCT1 and SCC8 are about 18 and 0 • C, respectively.
Silicon Measurements of the Output Voltage of SCCTs
Each SCCT was measured in a temperature range from −40 to 85 • for three temperature-independent bias currents: 100 nA, 1 µA, and 100 µA. The supply voltage was 1.2 V, and the measurement results are presented in the next section. Figure 4 shows the output voltage of SCCT1 and SCCT8 as a function of temperature for a bias current of 100 nA. The output voltage of the SCCT1 is larger than the SCCT8 because of its larger ratio of S up /S down as expected by Equation (6) . Moreover, the inflexion point of both curves is different, as mentioned in the last section. This result shows that the designer can use the proper transistor sizing in order to adjust the value of the output voltage and its temperature coefficient. Eight different combinations of SCCTs were designed, with different W/L aspect ratios. The objective was to investigate and validate, through silicon measurements, the temperature behavior predicted by simulations. For instance, transistor NUP in SCCT1 and SCCT8 have an equivalent W/L equal to 60 µm/3 µm, and 42 µm/3 µm, respectively. These transistor dimensions were chosen to set the inflection point of the output voltage vs. the temperature curve at a specific temperature value. For instance, the inflection points for SCCT1 and SCC8 are about 18 and 0°C, respectively. Each SCCT was measured in a temperature range from −40 to 85° for three temperature-independent bias currents: 100 nA, 1 µA, and 100 µA. The supply voltage was 1.2 V, and the measurement results are presented in the next section. Figure 4 shows the output voltage of SCCT1 and SCCT8 as a function of temperature for a bias current of 100 nA. The output voltage of the SCCT1 is larger than the SCCT8 because of its larger ratio of Sup/Sdown as expected by Equation (6) . Moreover, the inflexion point of both curves is different, as mentioned in the last section. This result shows that the designer can use the proper transistor sizing in order to adjust the value of the output voltage and its temperature coefficient. Figure 5 shows the output voltage of SCCT1 and SCCT8 as a function of temperature for a bias current of 1 µA. As shown in Figures 4 and 5 , the higher the bias current, the greater the positive slope (TC) of the output voltage is. This means that the curve is no longer a downward concave; it tends to be a straight line. This result is also expected from Equation (6). Figure 5 shows the output voltage of SCCT1 and SCCT8 as a function of temperature for a bias current of 1 µA. As shown in Figures 4 and 5, the higher the bias current, the greater the positive slope (TC) of the output voltage is. This means that the curve is no longer a downward concave; it tends to be a straight line. This result is also expected from Equation (6).
Electronics 2019, 8, 1271 5 of 17 Figure 6 shows the output voltage of SCCT1 and SCCT8 as a function of temperature for a bias current of 10 µA. show that, as the bias current is increased, the temperature dependence of the output voltage tends to be a rising linear curve. This temperature relation was observed in all measured SCCTs. The other temperature results were compiled in Table 1 , while the aspect ratio of all SCCTs is given in Table 2 . Moreover, it was verified through simulations that the linear temperature dependence continues to occur for bias currents from 10 µA to 1 mA. Table 1 presents the temperature coefficient given in ppm/°C calculated using Equation (8) . Sim and Meas stand for simulation and measurement, respectively. Parameter Vout is measured at 27 °C, Vout_max and Vout_min represent the maximum and minimum values of the output voltage in the temperature range, respectively. For instance, the measured data of Figure 4a of Vout = 91.5 mV, Vout_max = 92 mV, Vout_min = 80 mV, Tmax = 85 °C, and Tmin = −40 °C yield a TC of about 1000 ppm/°C. Figure 6 shows the output voltage of SCCT1 and SCCT8 as a function of temperature for a bias current of 10 µA. Figures 4-6 show that, as the bias current is increased, the temperature dependence of the output voltage tends to be a rising linear curve. This temperature relation was observed in all measured SCCTs. The other temperature results were compiled in Table 1 , while the aspect ratio of all SCCTs is given in Table 2 . Moreover, it was verified through simulations that the linear temperature dependence continues to occur for bias currents from 10 µA to 1 mA.
Electronics 2019, 8, 1271 5 of 17 Figure 6 shows the output voltage of SCCT1 and SCCT8 as a function of temperature for a bias current of 10 µA. Figures 4-6 show that, as the bias current is increased, the temperature dependence of the output voltage tends to be a rising linear curve. This temperature relation was observed in all measured SCCTs. The other temperature results were compiled in Table 1 , while the aspect ratio of all SCCTs is given in Table 2 . Moreover, it was verified through simulations that the linear temperature dependence continues to occur for bias currents from 10 µA to 1 mA. Table 1 presents the temperature coefficient given in ppm/°C calculated using Equation (8) . Sim and Meas stand for simulation and measurement, respectively. Parameter Vout is measured at 27 °C, Vout_max and Vout_min represent the maximum and minimum values of the output voltage in the temperature range, respectively. For instance, the measured data of Figure 4a of Vout = 91.5 mV, Vout_max = 92 mV, Vout_min = 80 mV, Tmax = 85 °C, and Tmin = −40 °C yield a TC of about 1000 ppm/°C. Table 1 presents the temperature coefficient given in ppm/ • C calculated using Equation (8) . Sim and Meas stand for simulation and measurement, respectively. Parameter V out is measured at 27 • C, V out_max and V out_min represent the maximum and minimum values of the output voltage in the temperature range, respectively. For instance, the measured data of Figure 4a of V out = 91.5 mV, V out_max = 92 mV, V out_min = 80 mV, T max = 85 • C, and T min = −40 • C yield a TC of about 1000 ppm/ • C.
For currents around 100 nA (Figure 4 ), the output voltage tends to be temperature-compensated and can be used a standalone voltage reference without the need of an auxiliary CTAT circuit. While in this case, the output voltage presents a more significant temperature curvature when compared to output generated by traditional voltage references, this is a very important result owing to the simplicity of the SCCT circuit. Hence, SCCTs can be used to create an output voltage with some temperature compensation, for moderate accuracy applications, while using a minimal silicon area and a low power consumption.
As shown in Figure 6 , the output of SCCTs presents a linear PTAT TC when biased with a current greater than 10 µA. It is also possible to generate a rising linear output voltage for currents lower than 10 µA by increasing the ratio of S UP /S DOWN in Equation (7) at the expense of a larger silicon area. Table 2 presents the operation mode of each transistor of the SCCT where Trio and Sat stand for triode and saturation operation, respectively. As can be seen, by increasing the bias current, the transistor leaves the linear mode and enters saturation mode. Note that, for I BIAS equal to 100 nA, all transistors are in weak inversion operation, i.e., the gate-source voltage is lower than the threshold voltage. The threshold voltage for all transistors in Table 2 is about 210 mV. The condition to be in saturation with weak inversion biasing is the drain-source voltage larger than about four times the thermal voltage (~100 mV @ 22 • C).
Consider, for instance, Figure 5 . The output voltage of both SCCT1 and SCCT8 presents a linear PTAT dependency up to 60 • C and a lower slope after that. This happens because, as the output voltage increases with temperature, the drain-source voltage of the upper transistor decreases and eventually enters a triode region at 85 • C. For I BIAS equal to 10 µA, the drain-source voltage is high enough to keep the upper transistor of all SCCTs in saturation. Therefore, if the linear PTAT TC is desired, the upper transistor must be in saturation mode, while the lower transistor can be in triode or saturation mode.
If the temperature-compensated output voltage is desired, the designer can properly bias the SCCT with low currents. However, it is important to be aware that the output voltage of the SCCT and its derivative are strongly dependent on the bias current for values lower than 5 µA, as shown in Figure 7 for SCCT1. voltage increases with temperature, the drain-source voltage of the upper transistor decreases and eventually enters a triode region at 85°C. For IBIAS equal to 10 µA, the drain-source voltage is high enough to keep the upper transistor of all SCCTs in saturation. Therefore, if the linear PTAT TC is desired, the upper transistor must be in saturation mode, while the lower transistor can be in triode or saturation mode. If the temperature-compensated output voltage is desired, the designer can properly bias the SCCT with low currents. However, it is important to be aware that the output voltage of the SCCT and its derivative are strongly dependent on the bias current for values lower than 5 µA, as shown in Figure 7 for SCCT1. Figure 8 shows the TC of the SCCT output voltage as a function of the bias current. The TC is a strong function of the bias current when the upper transistor is in triode mode, i.e., an IBIAS lower than 10 µA. This strong dependence imposes a challenge in using the temperature-compensated output voltage. The reason for that is the difficulty of generating an accurate and stable bias current insensitive to fabrication process effects. Moreover, the TC of the bias current also modifies the TC of the output voltage. Therefore, if the chip already has an accurate current reference circuit, a low area reference voltage with some temperature compensation can be efficiently designed using SCCTs. Finally, the SCCT operating in triode mode acts as a moderate temperature-compensated resistor. 
Comparison to Other Works
Several works have used SCCT devices. Some works [4, [8] [9] [10] [11] show that the SCCTs can also generate a moderate temperature-compensated output voltage. Some work [4] explores the temperature compensation of SCCT utilizing two transistors with different gate oxide thicknesses and different threshold voltages. The NUP is a thick gate oxide transistor, while the NDOWN is a Figure 8 shows the TC of the SCCT output voltage as a function of the bias current. The TC is a strong function of the bias current when the upper transistor is in triode mode, i.e., an I BIAS lower than 10 µA. This strong dependence imposes a challenge in using the temperature-compensated output voltage. The reason for that is the difficulty of generating an accurate and stable bias current insensitive to fabrication process effects. Moreover, the TC of the bias current also modifies the TC of the output voltage. Therefore, if the chip already has an accurate current reference circuit, a low area reference voltage with some temperature compensation can be efficiently designed using SCCTs. Finally, the SCCT operating in triode mode acts as a moderate temperature-compensated resistor. voltage increases with temperature, the drain-source voltage of the upper transistor decreases and eventually enters a triode region at 85°C. For IBIAS equal to 10 µA, the drain-source voltage is high enough to keep the upper transistor of all SCCTs in saturation. Therefore, if the linear PTAT TC is desired, the upper transistor must be in saturation mode, while the lower transistor can be in triode or saturation mode. If the temperature-compensated output voltage is desired, the designer can properly bias the SCCT with low currents. However, it is important to be aware that the output voltage of the SCCT and its derivative are strongly dependent on the bias current for values lower than 5 µA, as shown in Figure 7 for SCCT1. Figure 8 shows the TC of the SCCT output voltage as a function of the bias current. The TC is a strong function of the bias current when the upper transistor is in triode mode, i.e., an IBIAS lower than 10 µA. This strong dependence imposes a challenge in using the temperature-compensated output voltage. The reason for that is the difficulty of generating an accurate and stable bias current insensitive to fabrication process effects. Moreover, the TC of the bias current also modifies the TC of the output voltage. Therefore, if the chip already has an accurate current reference circuit, a low area reference voltage with some temperature compensation can be efficiently designed using SCCTs. Finally, the SCCT operating in triode mode acts as a moderate temperature-compensated resistor. 
Several works have used SCCT devices. Some works [4, [8] [9] [10] [11] show that the SCCTs can also generate a moderate temperature-compensated output voltage. Some work [4] explores the temperature compensation of SCCT utilizing two transistors with different gate oxide thicknesses 
Several works have used SCCT devices. Some works [4, [8] [9] [10] [11] show that the SCCTs can also generate a moderate temperature-compensated output voltage. Some work [4] explores the temperature compensation of SCCT utilizing two transistors with different gate oxide thicknesses and different threshold voltages. The N UP is a thick gate oxide transistor, while the N DOWN is a thin-gate oxide transistor, respectively. A similar approach is also used in [8, 9] . In Reference [10] , an alternative configuration of the SCCT is proposed, where the gate terminal of SCCT is connected to the output voltage. Moreover, the bulk terminal of N UP is also connected to the output voltage to eliminate the body effect. That solution requires a CMOS triple-well technology.
In Reference [11] , N UP and N DOWN devices have the same gate-oxide thickness but with different lengths. Transistors with different lengths have different threshold voltages, mainly caused by the reverse short-channel effect (RSCE).
The study and the experimental data presented in this work provide general guidelines to the use of SCCTs in the design of voltage references. In temperature-compensated reference V REF using CTAT and PTAT circuits, the SCCTs can be used as the PTAT block when V OUT_SCCT has a linear dependence to temperature. This work also shows that a moderate temperature-compensated output voltage can be generated using an SCCT with only two transistors of the same gate oxide thicknesses and the same transistor length operating in triode mode.
The Proposed Voltage Reference
The proposed circuit is shown in Figure 9 . It is composed of two sub-circuits: the bias current generator and the voltage reference core. The substrate terminal of all NMOSFETs and the n-well terminal of all PMOSFETs are connected to ground and supply, respectively. The bias current generator was proposed in [12] and is formed by transistors P1, P2, P3, N1, N2, N3, N4, and the amplifier A1. Transistor N4 operates in the triode region and acts as an integrated resistor. Its drain-source voltage (V DSN4 ) is equal to V GSN2 -V GSN1 , and the current (I 1 ) flowing through its terminals can be approximated by Equation (9) . I 1 is also given by Equation (10) [12] :
K e f f = K 2 − 0.5 + K 2 (K 2 − 1) ln 2 (K 1 )
where β is the transconductance parameter, and n C is a correction factor for low drain-source voltages [12] . Note that I1 depends mainly on the aspect ratio of transistors N1-N4, P1-P3, mobility, and U T . Moreover, the performance temperature of I 1 is given by [12] 
where subscript 0 means room temperature, and parameter m is 1.5 and 2 [12] . The bias current in our circuit was designed to be 15 nA. Transistor P8 was included to allow the temperature characterization of Referring to Figure 9 , D1 is a Schottky diode, and it is responsible for generating the CTAT voltage. The PTAT voltage is generated through two SCCTs. The first one is composed of transistors N5-N6, while the second one is composed of transistors N7-N8.
The output voltage of the designed circuit is given by
Since both SCCTs operate in weak inversion and saturation, it is possible to rewrite the drain-source voltages using Equation (7), and the output voltage can be described by Equation (16):
According to Equation (16), the desired temperature compensation is achieved with the proper sizing of the current mirror and the SCCTs. Table 3 shows the dimensions of all transistors. Except for the SCCTs (N5-N8), which are thin-oxide 1.2 V transistors, all others are 2.5 V thick oxide transistors. The use of thick-oxide transistors is for a better line regulation. It would also be possible to use thick-oxide transistors for both SCCTs, but it would result in an extra layout area. Finally, the pins V test1 and V test2 were included to characterize the designed circuit. 
Amplifier Circuit
The schematic of the amplifier A1 in Figure 9 is shown in Figure 10 . It is used to improve the line regulation of the current bias generator [13] , and its nominal open-loop voltage gain at DC is 55 dB. 
Trimming Circuit
The impact of the fabrication process effects on circuit performance was predicted by Monte Carlo analysis considering 1000 samples. Transistor mismatch and process variations were considered in this simulation, and the histogram for VREF and the TC of VREF are shown in Figure 11 .
The mean value and the standard deviation of VREF at 27 °C are 697.1 mV and 25.11 mV, respectively. Regarding the temperature coefficient of VREF, its mean value and σ are 125 and 63.78 ppm/°C, respectively. As discussed in Section 2, the output voltage produced by SCCTs is dependent on the bias current. Thus, it is also important to simulate the electrical variability of the bias current. The mean value and standard deviation of IREF at 27 °C is 103.4 and 14 nA, respectively. Based on Figure 11b , the TC of VREF can be severely degraded by the fabrication process variability. To mitigate the performance degradation of the TC, the trimming circuit shown in Figure  12 was included in the reference circuitry. Table 4 presents all the transistor dimensions of the trimming circuit.
According to the measured results of SCCTs (Section 2.2), the more current flowing through the SCCT, the greater the positive slope (TC) of the output voltage. Therefore, if VREF is not temperature-compensated, controlling the current level of SCCTs allows for the adjustment of the TC of VREF.
The current flowing through the SCCT composed by N7 and N8 was chosen to be adjusted. The control of the current level was obtained, splitting the transistor P6 into seven equal transistors. Six of them have a switch that is controlled by a digital signal external to the chip. The proposed voltage reference was designed with three switches at a high level (on-state) and three at low-level (off-state). If it is needed to increase the PTAT component of VREF, more switches must be turned on. If the opposite is needed, then fewer switches must be turned on. 
The impact of the fabrication process effects on circuit performance was predicted by Monte Carlo analysis considering 1000 samples. Transistor mismatch and process variations were considered in this simulation, and the histogram for V REF and the TC of V REF are shown in Figure 11 . 
The current flowing through the SCCT composed by N7 and N8 was chosen to be adjusted. The control of the current level was obtained, splitting the transistor P6 into seven equal transistors. Six of them have a switch that is controlled by a digital signal external to the chip. The proposed voltage reference was designed with three switches at a high level (on-state) and three at low-level (off-state). If it is needed to increase the PTAT component of VREF, more switches must be turned on. If the opposite is needed, then fewer switches must be turned on. Based on Figure 11b , the TC of V REF can be severely degraded by the fabrication process variability. To mitigate the performance degradation of the TC, the trimming circuit shown in Figure 12 was included in the reference circuitry. Table 4 presents all the transistor dimensions of the trimming circuit. According to the measured results of SCCTs (Section 2.2), the more current flowing through the SCCT, the greater the positive slope (TC) of the output voltage. Therefore, if V REF is not temperature-compensated, controlling the current level of SCCTs allows for the adjustment of the TC of V REF .
The current flowing through the SCCT composed by N7 and N8 was chosen to be adjusted. The control of the current level was obtained, splitting the transistor P6 into seven equal transistors. Six of them have a switch that is controlled by a digital signal external to the chip. The proposed voltage reference was designed with three switches at a high level (on-state) and three at low-level (off-state). If it is needed to increase the PTAT component of V REF , more switches must be turned on. If the opposite is needed, then fewer switches must be turned on. Figure 13 presents the simulated V REF versus temperature as a function of the number of switches in the on-state. As can be seen, few switches are needed to cover a considerable variation of V REF and its TC. The implemented trimming circuit is overdesigned in this chip. Table 5 shows the value of V REF at 27 • C, and shows its TC as a function of the number of switches in on-state. Figure 13 presents the simulated VREF versus temperature as a function of the number of switches in the on-state. As can be seen, few switches are needed to cover a considerable variation of VREF and its TC. The implemented trimming circuit is overdesigned in this chip. Table 5 shows the value of VREF at 27 °C, and shows its TC as a function of the number of switches in on-state. Figure 13 . Simulated VREF as a function of temperature and the number of switches at a high level. 
Start-Up Circuit
The voltage reference includes a start-up circuit shown in Figure 14 . It prevents the bias current generator stabilizes in a state with all currents being equal to zero. The start-up circuit works as follows.
When I1 and I2 (Figure 9 ) are equal to zero, the gate voltages of transistors P1 and P2 are close to VDD, and the gate voltage of N1 and N2 are close to 0 V. Thus, the transistor ST3 are in the cut-off region, and there is no current being mirrored by ST2. The transistor ST4, which is operating as a capacitor, is therefore not charged. This means that node Vx remains equal to 0 V. At this moment, the source-gate voltage of ST5 is nearly VDD, and transistor ST5 starts to drain the current from the gate node of the P1 transistor (Figure 9 ).
As a current is drawn from this node, the gate voltage of P1 is decreased, and a current starts to flow through the P1 and P2 devices. When the bias generator is operating, ST3 is no longer turned off, and ST4 starts charging node Vx until ST5 enters cut-off. At this moment, the start-up circuit no longer has any influence on the bias current generator. The dimensions of all transistors of the start-up circuit are shown in Table 6 . 
Silicon Results
A microphotograph of the fabricated chip can be seen in Figure 15 . The voltage reference circuit occupies a small area of 10,992 µm 2 . The output voltage and current were measured under temperature and supply voltage variations. Figure 16 shows the temperature measurement of VREF in a range from −40 to 85°C, considering five chip samples. When I1 and I2 (Figure 9 ) are equal to zero, the gate voltages of transistors P1 and P2 are close to V DD , and the gate voltage of N1 and N2 are close to 0 V. Thus, the transistor ST3 are in the cut-off region, and there is no current being mirrored by ST2. The transistor ST4, which is operating as a capacitor, is therefore not charged. This means that node Vx remains equal to 0 V. At this moment, the source-gate voltage of ST5 is nearly VDD, and transistor ST5 starts to drain the current from the gate node of the P1 transistor ( Figure 9 ).
As a current is drawn from this node, the gate voltage of P1 is decreased, and a current starts to flow through the P1 and P2 devices. When the bias generator is operating, ST3 is no longer turned off, and ST4 starts charging node V x until ST5 enters cut-off. At this moment, the start-up circuit no longer has any influence on the bias current generator. The dimensions of all transistors of the start-up circuit are shown in Table 6 . 
A microphotograph of the fabricated chip can be seen in Figure 15 . The voltage reference circuit occupies a small area of 10,992 µm 2 . The output voltage and current were measured under temperature and supply voltage variations. Figure 16 shows the temperature measurement of V REF in a range from −40 to 85 • C, considering five chip samples.
As can be seen, S4 and S5 samples work precisely as desired. However, S1, S2, and S3 do not have the maximum nominal temperature compensation. While S1 and S2 have PTAT behavior, S3 has a CTAT behavior. The Monte Carlo analysis predicted the deviation from the nominal performance.
Using the trimming circuit, it was possible to improve the temperature performance of S1, S2, and S3. In S1 and S2, two switches were turned off, which means that only one switch was maintained at a high level. In S3, one switch was turned on, resulting in four switches at a high level. The output voltage, as a function of temperature after circuit calibration, can be seen in Figure 17 . Table 7 summarizes the results before and after calibration.
A microphotograph of the fabricated chip can be seen in Figure 15 . The voltage reference circuit occupies a small area of 10,992 µm 2 . The output voltage and current were measured under temperature and supply voltage variations. Figure 16 shows the temperature measurement of VREF in a range from −40 to 85°C, considering five chip samples. As can be seen, S4 and S5 samples work precisely as desired. However, S1, S2, and S3 do not have the maximum nominal temperature compensation. While S1 and S2 have PTAT behavior, S3 has a CTAT behavior. The Monte Carlo analysis predicted the deviation from the nominal performance.
Using the trimming circuit, it was possible to improve the temperature performance of S1, S2, and S3. In S1 and S2, two switches were turned off, which means that only one switch was maintained at a high level. In S3, one switch was turned on, resulting in four switches at a high level. The output voltage, as a function of temperature after circuit calibration, can be seen in Figure 17 . Table 7 summarizes the results before and after calibration. As can be seen, S4 and S5 samples work precisely as desired. However, S1, S2, and S3 do not have the maximum nominal temperature compensation. While S1 and S2 have PTAT behavior, S3 has a CTAT behavior. The Monte Carlo analysis predicted the deviation from the nominal performance.
Using the trimming circuit, it was possible to improve the temperature performance of S1, S2, and S3. In S1 and S2, two switches were turned off, which means that only one switch was maintained at a high level. In S3, one switch was turned on, resulting in four switches at a high level. The output voltage, as a function of temperature after circuit calibration, can be seen in Figure 17 . Table 7 summarizes the results before and after calibration. Table 7 shows the efficiency of the trimming circuit. The mean TC before the calibration was 116 ppm/ • C, while the corrected one was 56 ppm/ • C with an improvement of 48%. Figure 18a shows the measured I REF as a function of temperature, respectively. There is a variation of more than 20% in the value of I REF for S1. Such large variation was also predicted by the Monte Carlo analysis, and this results in a degraded temperature performance of V REF , as seen in Figure 16 . The choice of the bias current generator circuit topology was motivated by the absence of resistors and the small area occupation. If a precise bias current generator was used, the inclusion of the calibration circuit may not be needed.
has CTAT behavior and agrees with the simulation results. Figure 19a ,b shows the temperature dependence of the output voltage generated by the SCCTs. These results agree with the discussion of Section 2. In the proposed reference, the upper transistor of the SCCTs are always in saturation mode in order to guarantee the small dependence of the bias current. As presented in Section 2.3, a current level IBIAS > 10 µA is required to have a linear PTAT relation between current and temperature. Since the supply current specification of the voltage reference was defined to be less than 1 µA, a different design approach was used. The linear PTAT relation was achieved using a large ratio of (SUP*IDS_DOWN/SDOWN*IDS_UP) according to Equation (6) . Note that, in Table 3 , that N5 has 18 unitary devices in parallel, while the N6 transistor as 24 unitary devices in series. This results in a SUP/SDOWN ratio of 432, and IDS_DOWN >> IDS_UP. Figure 20 shows the VREF and IREF variation as a function of VDD variation for 26 samples in a range from 0 to 2.5 V, respectively. The simulated line regulation for VREF is 0.72 mV/V, while the mean value of the measured line regulation is 2.3 mV/V with a σ of 0.6 mV. For IREF, the simulated line regulation is 0.24 nA/V, and the mean value of measured results is 0.9 nA/V, with a standard deviation of 0.7 nA. Figure 18b shows the temperature behavior of the Schottky diode. As can be seen, the voltage has CTAT behavior and agrees with the simulation results. Figure 19a ,b shows the temperature dependence of the output voltage generated by the SCCTs. These results agree with the discussion of Section 2. In the proposed reference, the upper transistor of the SCCTs are always in saturation mode in order to guarantee the small dependence of the bias current. As presented in Section 2.3, a current level I BIAS > 10 µA is required to have a linear PTAT relation between current and temperature. Since the supply current specification of the voltage reference was defined to be less than 1 µA, a different design approach was used. The linear PTAT relation was achieved using a large ratio of (S UP *I DS_DOWN /S DOWN *I DS_UP ) according to Equation (6) . Note that, in Table 3 , that N5 has 18 unitary devices in parallel, while the N6 transistor as 24 unitary devices in series. This results in a S UP / SDOWN ratio of 432, and I DS_DOWN >> I DS_UP . The supply voltage sweep shows a minimum VDD of operation close to 1.1 for VREF and 0.7 V for the bias current generator. The simulated power supply rejection ratio (PSRR) at DC is −55 dB and −90 dB for the supply voltages of 1.1 V and 2.5 V, respectively. The current supply and the power consumption (@ 1.1 V) of the proposed circuit are 680 nA and 748 nW, respectively. Finally, Table 8 (a) (b) The supply voltage sweep shows a minimum VDD of operation close to 1.1 for VREF and 0.7 V for the bias current generator. The simulated power supply rejection ratio (PSRR) at DC is −55 dB and −90 dB for the supply voltages of 1.1 V and 2.5 V, respectively. The current supply and the power consumption (@ 1.1 V) of the proposed circuit are 680 nA and 748 nW, respectively. Finally, Table 8 summarizes the main measured results discussed so far. The supply voltage sweep shows a minimum V DD of operation close to 1.1 for V REF and 0.7 V for the bias current generator. The simulated power supply rejection ratio (PSRR) at DC is −55 dB and −90 dB for the supply voltages of 1.1 V and 2.5 V, respectively. The current supply and the power consumption (@ 1.1 V) of the proposed circuit are 680 nA and 748 nW, respectively. Finally, Table 8 summarizes the main measured results discussed so far. 
VREF @ 27°C
Comparison to Other Works
A comparison of this work with related works is presented in Table 9 . The state-of-the-art voltage reference circuit topologies were chosen. As can be seen, considering the occupation of the silicon area, this work is, at least, 3.5 times smaller than the other works. Regarding the V DD current consumption, this work consumes at least 4.5 times less than the others. The designed circuit can achieve lower power consumption, without a large increase in the silicon area, because it does not employ integrated resistors. Moreover, the proposed topology is able to operate at 1.1 V of power supply. Regarding the TC, all works show a superior performance. The proposed circuit topology may be a right circuit candidate for applications that do not need high precision but require a moderate/small silicon area and power consumption.
Conclusions
This work studied the temperature behavior of SCCT output voltage. The measurement data shows that this type of device can provide an output voltage with PTAT behavior. Moreover, with the proper sizing and biasing, the output voltage can also be set to be reasonably temperature-compensated. Moderate temperature compensation is obtained by biasing the upper transistor in triode mode, which results in an undesired dependency of the SCCT voltage on the bias current. If a precise current reference is available in the chip, a moderate temperature-compensated voltage can be easily obtained using SCCTs with a low silicon area and a low power consumption.
Driven by the obtained testing results of SCCTs, a new resistorless voltage reference circuit topology using a Schottky diode is also prototyped in this paper. The proper operation of the designed circuit was checked in 26 chip samples. The average TC is 56 ppm/ • C in a temperature range from −40 to 85 • C. The trimming circuit was effective in improving the TC of V REF . Funding: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior -Brasil (CAPES) -Finance Code 001. It was also financed in part by the FAPEMIG (process -APQ-01758-18), and in part by the Universidade Federal de Minas Gerais (Edital PRPq -03/2019). Moreover, there was a MOSIS chip support as well.
